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There is increasing interest in alternative approaches to solid-state memory using two-terminal elements which can be addressed in a crosspoint array.
1 One such element is the organic resistive switch described by Ma et al. 2, 3 which has two resistance states that can be set at two different voltage levels, and read back by measuring the current at a lower voltage. The device proposed by Ma et al. is a sandwich structure consisting of three layers between top and bottom metal electrodes. The three layers are, respectively, the organic semiconductor, the metal, and the organic semiconductor, specifically AIDCN/Al/AIDCN where AIDCN is 2-amino-4,5-imidazole dicarbonitrile. In a later paper 3 the UCLA group shows that their metal layer actually consists of discrete particles, and is therefore electrically discontinuous. In order to optimize the performance of this type of memory element, it is necessary to understand the mechanism responsible for the bistable behavior.
In this letter we propose that the active mechanism in these organic devices is essentially the same as that discussed in the context of electroformed metal-insulatormetal ͑MIM͒ diodes more than 30 years ago by Simmons and Verderber ͑SV͒. 4 We describe in detail the necessary features of an operational switch, and how to fabricate it in a reliable and reproducible fashion. Dc electrical characterization leads to the conclusion that the mechanism described by SV is indeed responsible for the bistability.
SV have discussed MIM diodes in which one of the metal electrodes is gold and the ''insulator'' is silicon monoxide. They show that after an electroforming process, which consists of applying a high voltage to the device ͑in their case, typically 10 V across the insulating layer of thickness of about 200 nm͒, switchable multistable behavior is obtained. The various experimental phenomena are enumerated as follows.
͑1͒ When the device is in the low resistance ͑ON͒ state, and the voltage is ramped up from zero, an ''N-shaped'' current-voltage curve is obtained, i.e., there is a local maximum in the current ͑at voltage V max ), followed by a region of negative differential resistance ͑NDR͒ and a local current minimum ͑at V min ). SV proposed a mechanism that explains this phenomenology, and developed a theory to describe it quantitatively. The electroforming process moves gold atoms from the electrode into the SiO layer where they form an impurity band of charge transport levels, as well as deeper charge-trapping levels. The pristine state of the formed device is the ON state in which the transport levels and the traps are uncharged. At low voltages, charge is injected primarily from one of the electrodes and moves though the transport states. At voltages in the NDR region, charge tunnels into the trapping sites and a space-charge field builds up, which opposes the field applied at the injecting electrode and reduces the current. If the voltage is rapidly reduced to zero, charge is left in the traps, where it is stored metastably. For further description the reader is referred to the original SV paper. 4 We will now show that organic devices, fabricated without the necessity of electroforming, show bi-and multistability and exhibit all the phenomena inherent in the SV mechanism of metastable charge storage. Specifically, here we use aluminum tris͑8-hydroxyquinoline͒ (Alq 3 ) as the semiconducting medium 5 and granular aluminum for the charge-trapping sites. The electrodes are also aluminum. We emphasize, however, that the mechanism is very general and that many other material combinations ͑to be described in future work that will be reported͒ show similar behavior.
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The generic bistable device has an organic/granular a͒ Electronic mail: jcscott@almaden.ibm.com APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 4 26 JANUARY 2004 metal/organic multilayer structure ͓see the scanning electron microscopy ͑SEM͒ image, Fig. 1 , discussed below͔ and is fabricated as follows. Glass substrates 1 in. 2 were cleaned by washing with acid for 5 min then with de-ionized water and isopropanol, and finally dried for 10 min in an oven. The clean substrates were transferred into a vacuum chamber connected to a nitrogen filled glovebox. All evaporation was carried out at a pressure of 6ϫ10 Ϫ7 Torr. The thicknesses of the layers were controlled by a calibrated crystal quartz monitor. Different masks ͑for the various layers͒ were changed by breaking vacuum in the nitrogen atmosphere of the glovebox. During deposition, the samples were rotated to insure their uniformity of thickness. Each substrate has six samples of average area of 3.12 mm 2 . After evaporation, the devices were transferred into the glovebox for electrical analysis.
The resulting morphology was characterized by crosssectional SEM and by atomic force microscopy ͑AFM͒. Samples for SEM were cross sectioned using a focused ion ͑gallium͒ beam tool at off-normal incidence. Images were then obtained near normal to the cut. Figure 1 is a SEM image of a trilayer structure between Al electrodes, each 50 nm thick. Midway through deposition of the Alq 3 layer, a thin layer ͑nominally 5 nm͒ of Al was evaporated. Its discontinuous nature is clearly revealed in the micrograph. Additional evidence of granularity is provided by AFM studies ͑Fig. 2͒ performed on partially completed devices. The short range variation in height of the Al layer ͑10 nm͒ is greater than its nominal thickness ͑5 nm͒, indicating individual, disconnected grains of Al and confirming interpretation of the SEM images.
Other devices, with different thickness inner metal layers ͑5-40 nm͒ and different metals ͑Al, Cr, Cu, Mg, Ag͒, were prepared and analyzed by SEM and AFM. In general, layers less than 10 nm thick showed a granular structure and a discontinuous profile. Only these devices exhibited the switching behavior discussed below. Furthermore, without the inner metal layer, the devices do not switch. We conclude, therefore, that a discontinuous, granular layer is critical to the bistability of the device. Studies of polymer-based devices containing metal nanoparticles will be presented at a later date.
Current-voltage ͑IV͒ behavior was obtained using a computer interfaced Keithley source-measure unit, model 236. The devices were tested at room temperature for bistability and switching characteristics. Figure 3 shows, on a semilogarithmic scale, the typical IV characteristic of a bistable device obtained by sweeping the voltage from 0 to a maximum voltage and then back to zero. We use this figure to define the key parameters of such devices. The region of bistability is obtained for voltages below the threshold (V th ϳ2.7 V) and thus its state may be read at 1 V: the lowresistance ͑ON state͒ yields a current density of 2 ϫ10 Ϫ2 A/cm 2 , three orders of magnitude higher than the high-resistance OFF state.
Starting in the ON state, the IV characteristic is N shaped, in that there is a local maximum in the current at V max ϳ3.0-3.5 V and a local minimum at V min ϳ6.5 V. Past this value the current density increases with an increase in voltage. Between V max and V min is a ͑rather noisy͒ regime of negative differential resistance. Thus, for this device we would select switching voltages of 3.0 ͑ON͒ and 6.5 V ͑OFF͒. When the voltage is ramped from zero in the OFF state the current increases rapidly at the threshold voltage, and then follows an N shape. By sweeping the voltage back towards zero, the current follows the upper curve and the device is set in its ON state and it will stay in that state unless voltage between V min and V max is applied.
Intermediate values of the resistance can be obtained by setting the device at a certain voltage in the NDR region and returning rapidly to zero, as shown in Fig. 4 . The device was initially set in an ON state and has subsequent voltage ramps from 0 to 1 V, then from 0 to 2 V and so on up to 8 V, returning rapidly to zero after each ramp. The device has a set of states between the ON and OFF states and it is possible to access those states by applying voltages between V max and V min .
Every one of the experimental features presented here is identical to those described by SV. 4 We therefore conclude that the mechanism responsible for the bistable resistance behavior of these devices, and probably also those of Ma et al., 2, 3 is charge trapping and space-charge field inhibition of injection. There may, however, be some differences in details of the charge transport and storage, the most obvious of which relates to the electroforming process and the uncertainty about the position and energetics of the gold impurity atoms induced. SV invoked transport in a Au impurity band; we provide transport in an organic semiconductor, the choice of which permits control over the ON-state current. The SV description of trapping sites is deep-level Au atoms ͑or perhaps Au clusters͒ whereas we deliberately include a granular metal ͑Al͒ layer, the trapping properties of which can be tailored by the choice of metal, the size of the particles and their position in the device structure.
Since the work of SV was published, there has been considerable discussion in the literature about whether their mechanism is actually pertinent. In particular, alternative proposals invoke the formation of ͑gold͒ filaments to provide low-resistance pathways between electrodes. 6 This letter is too short to discuss these alternatives in any detail but we will make a few comments. The N-shaped IV curve immediately distinguishes mechanisms in which the passage of current increases the resistance ͑such as in SV work͒ and those which reduce it, such as electrochemical formation of metal filaments 7 or the filling of traps in a trap-limited mobility situation. 8 The latter cases result in S-shape IV curves, where the upper and lower branches are the two resistance states and the NDR region is inaccessible in a voltage-based measurement because it is truly unstable. Our data, like those of SV, immediately preclude filament formation as the active mechanism.
In summary, the data on these devices show that the resistive switching is due to charge storage where the resulting space-charge field inhibits injection. At a later date we will describe the generality of the charge-storage phenomenon and its observation in a wide variety of materials, as well as device fabrication processes. The dependence of the switching parameters on the properties of the different materials will yield further insight into details of the physics of the mechanism proposed. FIG. 4 . Demonstration of multistability using a sequence of sawtooth ramps. The device starts in the ON state ͑current ϳ5ϫ10 Ϫ3 A/cm 2 at 1 V͒ and remains ON after the ramps to 1, 2, and 3 V, each less than V max ϳ3.5 V. After ramping to 4 and 5 V, it shows intermediate currents. Finally, after the 6 and 7 V ramps ͑close to V min ϳ6.5 V), the fully OFF state ͑current ϳ10 Ϫ6 A/cm 2 at 1 V͒ is attained.
